In most wireless sensor network (WSN) applications, the sensor nodes (SNs) are battery powered and the amount of energy consumed by the nodes in the network determines the network lifespan. For future Internet of Things (IoT) applications, reducing energy consumption of SNs has become mandatory. In this paper, an ultra-low-power nRF24L01 wireless protocol is considered for a bicycle WSN. The power consumption of the mobile node on the cycle track was modified by combining adjustable data rate, sleep/wake, and transmission power control (TPC) based on two algorithms. The first algorithm was a TPC-based distance estimation, which adopted a novel hybrid particle swarm optimization-artificial neural network (PSO-ANN) using the received signal strength indicator (RSSI), while the second algorithm was a novel TPC-based accelerometer using inclination angle of the bicycle on the cycle track. Based on the second algorithm, the power consumption of the mobile and master nodes can be improved compared with the first algorithm and constant transmitted power level. In addition, an analytical model is derived to correlate the power consumption and data rate of the mobile node. The results indicate that the power savings based on the two algorithms outperformed the conventional operation (i.e., without power reduction algorithm) by 78%.
Introduction
Wireless sensor networks (WSNs) consisting of several wireless nodes deployed in a vast area have the capacity to sense different events or parameters according to the type of application. The sensed parameters are determined using sensor nodes (SNs) and transmitted directly or through the2 Journal of Sensors such as reductions in data communication, sleep/wake (S/W) scheduling [8] [9] [10] , data aggregation [11] , selection of the optimal location of the sink node [12] , distribution of workload between the sensors in the network [13] , data-driven techniques that reduce the amount of sample data, mobility [14] , data compression [15] , topology control [16] , and transmission power control (TPC), have been adopted in different approaches.
WSNs are important in sports applications. In particular, WSNs are used in track cycling sports to monitor athlete performance. However, bicycle WSNs are different from other types of WSNs. For example, (i) radio connectivity is highly sensitive to bike position on the track because of the differences in distance between the cyclist and the coach. Thus, TPCs must adjust the transmission power level according to the bicycle position on the track. (ii) The energy resources are limited (i.e., they must be small to reduce the size and weight of the bicycle). Hence, the nRF24L01 can be used because it has a small size, namely, a size of 29 × 15 mm 2 , and is lightweight, at 2.0 g [17] . The ANT wireless protocol is used to monitor the biomechanical and physiological parameters of the bicycle and cyclist, respectively. (iii) All SNs are mobile on the bike and are battery-constrained devices. Replacing or recharging batteries when the bike is on the track is impossible; thus, energy management is essential. (iv) Memory size is limited to the smallest size of the sensor node. In this case, a load division technique through a master node can be used to avoid intensive computation in the SNs. Finally, (v) harvesting energy as an alternative to the power source cannot be used due to either added extra weight or aerodynamic or rolling resistance, which reduces bike speed and induces fatigue in athletes during cycling. Both aspects are critical in a competitive event.
Several factors, such as (i) transmitted power, (ii) duty cycling (the sensor nodes alternate between active and sleep periods during their lifespan to save energy. It can be achieved through sleep/wake strategy) [18] , (iii) data rate, (iv) modulation technique, (v) adaptive sampling, (vi) data aggregation, (vii) data compression, (viii) network topology, and (ix) cooperative communication, directly affect the power consumption of WSNs. In our proposed application, the bicycle moves on the track cycle and carries several SNs. The SN's battery cannot be replaced or charged. Consequently, the power consumption of these mobile nodes can be reduced by combining the first three techniques (i.e., transmitted power, duty cycling, and data rate), which have not been considered together in previous research. The mobile node mounted on a bike is moved to predefined locations (not random) on the cycle track. Therefore, the estimated distance between the bike mobile node and the coach (the master node is located at the center of the track field) can be obtained based on a proposed hybrid particle swarm optimizationartificial neural network (PSO-ANN) algorithm. The ANN algorithm uses the received signal strength indicator (RSSI) values (received by the mobile node) in the training and testing process. The RSSI values can be obtained from real measurement or generated from path loss models. In our application, these values are generated from a log normalshadowing model (LNSM).
The power consumption of the mobile node is reduced by adopting two algorithms. The first algorithm is the TPC-based distance estimation, which primarily depends on distance estimation and provides an accurate distance based on the PSO-ANN algorithm. The mobile node transmitted power and data rate can be adjusted according to the distance between the master and mobile nodes when the bike moves on the track. The second algorithm, which uses the TPCbased accelerometer, represents a novel method of adaptive transmitted power and data rate for mobile nodes. The transmitted power and data rate can be controlled based on the ADXL 335 accelerometer sensor, in which the transmitted power level and data rate can be determined based on the inclination angle (output of accelerometer) of the bicycle as it moves on the track. In the two aforementioned algorithms, three power reduction techniques can be considered. These techniques are (i) the TPC technique, (ii) the S/W strategy, and (iii) the adjustment of the data rate of the ANT. In addition, the TPC technique can be combined with the S/W strategy (TPCS/W) to further reduce the power consumption. The contributions of this paper are as follows:
(i) The power consumption of the master and mobile nodes is modeled with respect to the ANT data rate.
(ii) The novel PSO-ANN algorithm can accurately estimate the distance between the mobile node and the master node.
(iii) The power savings of the mobile node for both outdoor and indoor velodromes are improved based on a proposed TPC-based distance estimation algorithm relative to constant transmitted power.
(iv) Finally, a novel method, namely, one that uses the TPC-based accelerometer algorithm, can significantly reduce the power consumption of the mobile node and all of the ANT modules of the adopted WSN.
Related Research
Among the many solutions to reducing power consumption in WSNs is the TPC technique. The TPC has already been highlighted in previous research. One study [19] investigated the effect of the TPC using separated power levels on both network lifespan and bandwidth requirements. The authors developed mathematical programming models to identify the effects of transmission power levels and to compare the performances of different discrete transmission power strategies. The network lifetime was extended to 20% in comparison to the use of a single transmission power. In their study [20] , the authors proposed a power control technique in the medium access control (MAC) layer of the ZigBee wireless protocol. The optimally transmitted power was calculated according to the distance between nodes. Bhuvaneswari et al. [2] proposed an anchor node transmitted power control under SN localization. The localization was based on the RSSI of the ZigBee wireless protocol. Ramakrishnan and Krishna [21] examined the adaptive transmission power of SNs based on fuzzy logic control (FLC) under open-loop and closed-loop FLC configurations. Up to 40.62% and 38.6% energy savings were obtained by implementing the open-loop and closed-loop FLC-based TPC, respectively, relative to a fixed transmitted power (i.e., no TPC techniques). The study of [22] presented an efficient TPC. The control packet overhead was reduced using the measured temperature to control the transmitted power of SNs. The authors presented a new TPC technique that maintains the link quality as the temperature changes. A combination of S/W duty cycle and TPC was introduced by [23, 24] . In a study [24] , the energy-harvesting status and the remaining energy level were utilized to control the transmitted power of SNs. Thus, the lifespan of the entire WSN was extended, and the energy usage was balanced. By contrast, [23] computed the RSSI in the end device to control its transmitted power when the communication link broke. Energy savings of 26% relative to a fixed transmitted power policy were obtained by adopting S/W and TPC techniques. Kim et al. [25] used the RSSI and link quality indicator (LQI) of a ZigBee body area network to control the level of transmitted power of SNs. The proposed technique, namely, RSSI/LQI-based TPC, effectively distinguished between signal attenuation and interference. When interference was unavailable in the link, the proposed method controlled the SN transmitted power based on the RSSI. Otherwise, the proposed method changed the present channel to avoid interference. The proposed method showed improvements in energy efficiency of up to 51.63% in the presence of interference.
In [26] , the RSSI and packet reception rate (PRR) for communication link estimation were utilized to achieve adaptive multichannel transmission power control (AMC-TPC). The proposed technique was applied in an industrial application to reduce the power consumption of ZigBee WSNs, adapt to changing environmental situations, and adjust the transmission power level to overcome channel fading. The proposed technique can reduce the SN energy requirements by over 50%. Finally, in [27] , two TPC techniques were introduced to improve the energy consumption of the mobile node at different distances for outdoor and indoor environments. The two techniques were applied in practice using the ZigBee wireless protocol to show the WSN efficiency. 57% power savings were obtained relative to a fixed transmitted power. Six of the above state-of-the-art methods can be compared in terms of power savings, as summarized in Table 1 . All these studies used a TPC technique as a power reduction technique to reduce the power consumption of sensor nodes in WSNs.
In contrast to existing research that solely used TPC or combined TPC with another technique to reduce the power consumption of SNs, this paper proposes three power consumption techniques for reducing the power consumption of mobile nodes. To the best of our knowledge, this combination of three techniques has not been adopted in previous studies. This paper proposes a TPC-based distance estimation algorithm that can be combined with three techniques which are (i) TPC technique, (ii) S/W strategy, and (iii) data rate. The state-of-the-art TPC technique is based on the RSSI. When the RSSI value exceeds the target threshold level, the communication link quality is good. In this case, the target decreases its transmitted power. In contrast, if the RSSI value falls below the target threshold level, the target increases its transmitted power because the communication link quality is poor. Otherwise, the target maintains its transmitted power. However, depending on the RSSI values, the distance estimation remains poor in an indoor environment when channel interference exists [25, 28] . In this research, to overcome this problem, three anchor nodes were deployed in the track cycling field, and the RSSI values of these anchor nodes were used to train and test the ANN to accurately determine the distance between the bicycle that is moving on the cycle track and the coach. The major problem in current TPC techniques is the transmission of more control packets. Therefore, in this paper, a novel algorithm (i.e., a TPC-based accelerometer) is adopted to reduce data communication by dispensing the beacon signals, thereby minimizing the data overhead. Consequently, the mobile and master node power consumption can be significantly reduced. Moreover, both TPC-based distance and TPC-based accelerometer algorithms are adopted for outdoor and indoor velodromes.
System Model
The proposed WSN topology is shown in Figure 1 . The topology consists of static and sensor nodes. The static nodes consist of three anchor nodes, namely, AN1, AN2, and AN3. AN1, which is located at the center of the track cycling field, handles the reception of the cyclist and bicycle parameters and sending a beacon signal to the SN for the distance estimation of the bicycle on the track. The received data by AN1 are displayed on the coach's laptop to allow the coach to monitor the cyclist's performance. AN1 is connected to the coach's laptop, thus requiring no battery source. The anchor nodes AN2 and AN3 are 27 m away from AN1, and their energy is derived from their individual power supplies. This means that AN2 and AN3 can be powered from the main AC source. Both AN2 and AN3 are not connected to AN1, but they are operating independently. The function of AN2 and AN3 is to send a beacon signal to the mobile node (bicycle) for distance estimation purposes. The SN includes three sensors: a heart rate sensor for measuring the cyclist's heart rate during cycling, a temperature sensor for measuring the cyclist's temperature during cycling, and an accelerometer sensor for measuring the inclination angle of the bicycle on the track. Angle measurements can be used to inform the coach about the inclination angle of the cyclist on the track. This approach will allow the coach to know the section site of the cyclist during cycling on the track cycling field. In addition, the angle measurement provides a significant advantage for controlling the transmitted power and data rate of the SN when the TPC-based accelerometer algorithm is considered. The entire data packet structure of the SN based on the nRF24L01 wireless protocol is shown in Figure 2 . Figure 2(a) is the general data packet frame of the nRF24L01 wireless protocol, whereas Figure 2 (b) is a detailed version for this research. The ANT data packet structure of the SN consists of nine bytes: the identification node address ID (three bytes: one byte for each sensor), sensing data (five bytes: two bytes for heart rate, one byte for temperature, and two bytes for inclination angle), and the battery status (one byte).
The SN transmits the data packet to AN1 by combining all the data from the sensors into one data packet frame. Moreover, the SN receives a beacon frame consisting of one data byte from AN1 for distance estimation purposes. AN1 is called the master node, while the SN is known as the mobile node because the master node receives all the information of the SN, whereas the SN is installed on and moves with the bicycle on the track.
Methodology

Wireless Channel Model.
Most wireless channel models are derived based on a combination of practical and analytical methods. The practical method is based on curve fitting, whereas the analytical method depends on measured data. This approach has the advantage of being able to consider the tacit propagation factors in the channel through the actual field measurements [29] . Most wireless modules support RSSI, which allows the received power to be calculated for each received packet. The energy or power of a signal traveling between two nodes (i.e., mobile bicycle node and master node in our application) is a signal parameter that includes information reflecting the distance between those nodes. This parameter can be used along with LNSM and path loss for distance estimation [30] . Therefore, LNSM is given as [31, 32] PL ( ) dBm = PL 0 ( 0 ) + 10 log 10 ( 0 ) + , (1) where PL( ) dBm is the reference path loss at a distance in meters on the track cycling and PL 0 ( 0 ) is the path loss at a reference distance 0 . The path loss PL 0 ( 0 ) can be obtained through field measurements or calculated using the Friis equation, where is a path loss exponent that indicates the rate at which the RSSI decreases with distance and is the distance between the master and mobile nodes in meters. The distance varies with the bicycle's location on the track, and is a zero-mean Gaussian random variable (in decibels) with a standard deviation (in decibels).
The RSSI at the mobile node can be calculated from the following:
where is the master node transmitter power in dBm. Then, the RSSI at the mobile node can be estimated from the following [33, 34] :
In this work, the parameter values of (3) were set as PL 0 ( 0 ) = −37dBm, which was obtained from the Friis equation for ANT module operating in the 2.4 GHz ISM band; 0 = 1m [19] , where is the adopted velodrome distance ranging from 32 m to 65 m; = 2.4 [32, 35] for outdoor velodrome; = 3 [36] [37] [38] for indoor velodrome; and = 4 dB [19, 39] for both outdoor and indoor environments.
Equation (3) is used to generate the RSSI values (1,125 samples), which can be used for training and testing the ANN algorithm for distance estimation. Therefore, a hybrid PSO-ANN algorithm is used for distance estimation, as described in detail in Section 4.4.
ANT Current Consumption and Transmission Time Mod-
eling. The average current consumption avg for the ANT module of the mobile node can be computed using where active and active are the ANT active current and active transmission time, respectively; sleep and sleep are the ANT sleep current and sleep time, respectively; and total is the time for one cycle (i.e., one second in this application). sleep = total − active ; therefore, (4) can be rearranged as
where ( active / total ) is the duty cycle of the ANT protocol. The active transmission time in (5) plays an important role in the power consumption of the mobile node. The power consumption can be reduced for short active transmission times because the active transmission time mainly depends on the data rate of the ANT. Therefore, deriving a mathematical relationship between the current consumption and the data rate is crucial for this application. The active transmission time in the enhanced ShockBurst ANT transmission mode can be expressed as follows [40] :
where is the ANT data rate, which the adjustment is limited to 250 kbps, 1 Mbps, and 2 Mbps by the manufacturer, and pl is the payload of the data packet. The maximum payload is 32 bytes [41] , as shown for the packet length in Figure 2 (a). In this work, the payload data for heart rate, temperature, and inclination angle transmitted from the mobile node to the master node consist of 9 bytes, as shown in Figure 2 (b). The payload of the ANT is configurable (1-32 bytes), as mentioned above in the advantages of the ANT. Therefore, only 9 bytes as the payload out of 32 bytes will be sent. In that case, the payload size will be only 9 bytes. Therefore, the energy savings of the ANT wireless protocol will be improved. Thus, the payload is (9 × 8 bits/byte = 72 bits); SPI is the data rate, namely, 10 Mbps, of the SPI interfacing between the ANT module and microcontroller; p is the ANT packet length, namely, 19 bytes ([9 payloads+8 headers]×8 bits/byte+9-bit control field = 145 bits); IRQ is the interruption time, namely, 6 and 8.2 s for data rates of 2 Mbps and 1 Mbps, respectively; and S/A is the transition time from sleep to active modes. The transition time is from sleep to standby modes (150 s for using an external clock) and from standby to active modes (130 s), as in the nRF24L01 data sheet [42] . Thus, the total transition time from sleep mode to active mode and vice versa is 280 s. Equation (7) can be obtained by substituting the preceding values in (6): active = 575.4 × 10 −6 + 290 bits in seconds.
According to (7), the active time ( active ) is 1.735 ms, 865.4 s, and 720.4 s for 250 kbps, 1 Mbps, and 2 Mbps, respectively. Figure 3 (a) illustrates the duty cycle for a 250 kbps data rate for the mobile node at the transmission (Tx) mode and the master node at the receiver (Rx) mode. Consequently, (7) is substituted into (5). The average current consumption ( avg ) of the ANT for the mobile node in the Tx mode and the master nodes in the Rx mode can be expressed as avg1 and is computed based on the following: 
Equation (8) shows that the current consumption of the mobile node primarily depends on the ANT data rate and total time total , where total is constant in this work (i.e., one second was adopted). The current consumption of the mobile node decreases when the data rate increases and vice versa. For the beacon's signal, that is, the master node in the Tx mode and the mobile node in the Rx mode, transmitting one byte of payload data is sufficient to determine the RSSI signal by the mobile node. In this case, the active time and the average current consumption of the ANT for the master node in the Tx mode and the mobile node in the Rx mode can be expressed as avg2 and are computed as in the following equations: active = 289 × 10 −6 + 162 bits in seconds, 
Consequently, the active time ( active ) is 937, 451, and 370 s for 250 kbps, 1 Mbps, and 2 Mbps, respectively. Figure 3 (b) illustrates the duty cycle for the 250 kbps data rate for the master node in the Tx mode and the mobile node in the Rx mode.
ANT Current Consumption Measurements.
The active and sleep current consumption of the ANT module can be measured using a digital multimeter (FLUKE 15B digital multimeter with a current measurement accuracy of ±1.5%) as shown in the diagram in Figure 4 (a). The current consumption is measured during the transmission process when the ANT mobile node communicates with the ANT master node. For this purpose, the digital multimeter is connected in series between the supply line of the ANT module and a 3.7 V/1200 mAh LiPo rechargeable battery. The multimeter measures the active and sleep currents consumed by the ANT module on the order of milliamperes and microamperes, respectively. The active, sleep, and average current consumption of the ANT module in both the Tx and Rx modes are obtained at different RF transmission powers ( Tx ) and data rates, as shown in Tables 2 and 3 . The active and sleep current consumption were obtained from the testbed measurements, as shown in Figure 4 (b). By contrast, the average current consumption for the ANT in the Tx and Rx modes is computed based on (8) and (10) . The values in Table 2 can be considered for the mobile node and master nodes in the Tx and Rx modes, respectively, whereas the values for the master and mobile nodes in the Tx and Rx modes can be found in Table 3 , respectively. studies to localize the nodes of a WSN [43, 44] . In the current paper, a feed-forward neural network trained with a Levenberg-Marquardt (LM) algorithm was considered to estimate the distance between the mobile node and the master node. The LM training algorithm was considered in this work because it provides a minimum distance error, as proven in [43] , as well as because of its speed and efficiency. The RSSI values at three anchor nodes (AN1, AN2, and AN3), which were received by the mobile node, were used as the input matrix to the ANN, whereas the output value of the ANN is the actual distance between the mobile node and the master node. With both the input and output sets, the ANN was trained and tested on the data. Particle swarm optimization (PSO) improved the performance of the ANN in selecting the optimum values of the number of nodes in each hidden adopted layer and the learning rate of the ANN, as in Algorithm 1 (see Algorithm 1 in Supplementary Material available online at http://dx.doi.org/10.1155/2016/ 7314207). The proposed hybrid PSO-ANN algorithm reduced the distance estimation error. In this paper, the distances between the mobile node on the bicycle track and the master node at the outdoor and indoor velodromes were estimated. Exactly 375 samples of RSSI values at each anchor node were generated based on the LNSM. In total, 1,125 samples were collected from the three anchor nodes by the mobile node to estimate the distance between the mobile node and the master node.
Adopted Distance Estimation
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Rate. The velodromes can each be divided into four symmetrical quarters; each quarter can be divided into three sections according to the distance and the inclination angle of the bicycle on the track. The distances between the mobile node and the master node can be divided into three sections, namely, (i) Section 1 (32-46 m), (ii) Section 2 (46-54 m), and (iii) Section 3 (54-65 m), as shown in Figure 5 . The division of the velodromes was based on the metric values of the transmission power, data rate, and current consumption of the mobile node; these values are shown in a mapping table (see Table 4 ). These values were selected to obtain the minimum power consumption and to ensure the data communication between the mobile node and the master node. Through a MATLAB simulation, Figure 6 was obtained and shows the received power at the master node from the mobile node in each section. The received power is made greater than the master node receiver sensitivity in each section to ensure the communication link, as shown in Figure 6 . For outdoor velodromes, in Sections 1, 2, and 3, the received power by the master node was greater than its sensitivity thresholds (i.e., −82, −85, and −94 dBm). Therefore, the data rate of the mobile node can be configured to 2 Mbps to reduce its power consumption. In contrast, for indoor velodromes, the received power by the master node fell below the master node sensitivity thresholds (i.e., −82 and −85 dBm) and was greater than −94 dBm for Sections 1, 2, and 3. Therefore, the data rate of the mobile node can be configured to 250 kbps to ensure data communication with the master node. Similarly, the inclination angles of the bicycle while moving on the track can be divided into three sections, namely, (i) Section 1 (0
, and (iii) Section 3 (12 ∘ -45 ∘ ). This division was set according to the nature of the velodromes: it is flat in Section 1, it is slightly sloping in Section 2, and it has a high inclination angle in Section 3. Consequently, a relationship between the transmitted power, data rate, and current consumption can be established, as illustrated in a mapping table (see Table 5 ).
AN2 and AN3 were fixed at the north and south side of the track, respectively, to ensure the communication link with the mobile node on the cycle track. The farthest distance from the mobile node becomes 65 m. In contrast, AN2 and AN3 cannot be located at the east or west side because the mobile node on the track will be at the farthest distance (i.e., 130 m) from them. Consequently, the communication link will be lost.
TPC-Based Distance Estimation
Algorithm. Transmission power control (TPC) is an essential concern in the design of an energy-efficient WSN. TPC has been used in various WSN applications [18, 19, 23, 26] . In WSNs, the TPC can be used with a mobile SN to save energy and maintain network connectivity. In our application, the transmitted power, duty cycle, and data rate of the mobile node, which moves on the track in a regular path, were investigated as a function of the estimated distance between the mobile node and the master node. The distance was accurately determined based on the hybrid PSO-ANN algorithm, which was presented in Section 4.4.
The TPC and the data rate adjustment of the ANT improved the power consumption at the physical layer. To further reduce the power consumption, the sleep/wake strategy was applied at the Media Access Control (MAC) layer for the RF module to schedule sleep. The TPC can be combined with the sleep/wake algorithm (TPCS/W) and data rate adjustment to significantly improve the power savings of the ANT. Once the mobile node approaches the master node, the mobile node operates at a low transmission power level and data rate. By contrast, the mobile node operates at a high transmission power level and data rate when it moves away from the master node location to maintain the communication connectivity. Algorithm 2 (given in Supplementary Material) shows the adjusting conditions of the TPC technique for the outdoor velodrome. For the indoor velodrome, the same algorithm (i.e., Algorithm 2) can be applied but with changes to the values of the transmitted power, data rate, and current consumption, as illustrated in Table 4 . The TPC technique has an additional advantage of reducing the risk of interference in the communication channel; that is, the interference decreases when the transmission power decreases [45] .
TPC-Based Accelerometer Algorithm.
The transmission power and data rate of the ANT mobile node can be adjusted based on a novel algorithm that adopts the sensing of the inclination angles of the bicycle as it moves along the track. For this purpose, the microelectromechanical system ADXL 335 accelerometer was considered. The ADXL335 is a lowpower, three-axis ( , , and ) accelerometer based on capacitive transduction principles. It can measure acceleration on a full-scale range of ±3 g [46] . It has a sensitivity of 300 mV/g, offset fluctuations of less than ±1 mg/ ∘ C, and high noise performance, thus permitting a high-quality output signal [47] . The bandwidth of the ADXL335 is 1600 Hz for theand -axes and 550 Hz for the -axis [48] . The accelerometer is compact and lightweight [49] . The output voltage along each axis is proportional to the acceleration along the specific Journal of Sensors 11 axis. The supply voltage of the ADXL335 is 1.8-3.6 V. In this application, the accelerometer can be provided with +3.3 V to provide the supply voltage of the Atmega328p microcontroller of the mobile node. With this supply voltage, the ADXL335 consumes 270 A during sensing events (obtained through measurement with a FLUKE 15B digital multimeter).
In this application, one triple-axis ADXL335 accelerometer will be attached to the bicycle frame to measure the inclination angles as the bike moves along the track. The three adopted velodrome sections can be employed for the same purpose of TPC. However, the sections here were divided according to the measured angles instead of the distances; these sections were discussed in Section 4.5. In the TPCbased accelerometer algorithm, the values of the parameters, which are presented in Table 5 , can be set to enable power savings in the mobile node. The values of the transmitted power and data rate are configured based on the same three sections for the TPC-based distance estimation algorithm. Therefore, Algorithm 3 (given in Supplementary Material) can be applied to the outdoor velodrome or environment. The same algorithm can be used for the indoor velodrome or environment but with different values of the transmitted power, data rate, and current consumption, as shown in Table 5 . However, one of the major advantages of the TPCbased accelerometer algorithm is its capacity to reduce the power consumption of both the mobile node and the master node, thereby reducing the total power consumption of the WSN.
The other advantages of the TPC-based accelerometer algorithm over the TPC-based distance estimation algorithm are as follows. (i) The TPC-based accelerometer algorithm modifies the transmitted power and data rate of the ANT (self-healing) of the mobile node when the cyclist is on the track. Thus, the transmission of frequent beacon signals from the master node to the mobile node is not required. Consequently, the master and mobile nodes will obtain reduced energy consumption. By contrast, in the TPC-based distance estimation algorithm, the master node transmits the beacon signals at the maximum power (i.e., 0 dBm and a high data rate of 250 kbps) to ensure the communication connectivity between the two nodes, causing high dissipated power in the master and mobile nodes. (ii) The master node can enter sleep mode by scheduling sleep after the transmitted data of the mobile node are received to reduce its power consumption, thereby further reducing the total power consumption of the WSN. (iii) A smaller memory size is required in the mobile node relative to the memory requirement of the TPC-based distance estimation algorithm, where the ANN requires a considerable amount of working memory [50] . The smaller memory requirement of the TPC-based accelerometer algorithm also reduces the size and complexity of the mobile node. (iv) The TPCbased accelerometer algorithm decreases the computational capacity of the processor of the mobile node. By contrast, in the TPC-based distance estimation algorithm, the ANN performs intensive computations to produce the distance estimation. Thus, both the time and power requirements are reduced in the TPC-based accelerometer algorithm. (v) The TPC-based accelerometer algorithm is more accurate than the TPC-based distance estimation algorithm. The distance estimated by the TPC-based distance estimation algorithm is based on RSSI values. However, the RSSI is subject to path loss and is influenced by channel environments, which vary over time; consequently, the distance measurement accuracy will be affected by the propagation channel. In the TPCbased accelerometer algorithm, however, the measurement accuracy is based on the accelerometer sensor installed on the bike. (vi) Finally, the TPC-based accelerometer algorithm employs simplex communication, in which the mobile node functions as the transmitter and the master node functions as the receiver. By contrast, in TPC-based distance estimation algorithm, each of the mobile and master nodes functions as both transmitter and receiver, resulting in an increase in the overhead and consequently in the power that can be dissipated by both nodes.
Simulation Results
Hybrid PSO-ANN Algorithm for Distance Estimation.
The RSSI values of the three anchor nodes, namely, AN1, AN2, and AN3, for both the outdoor and indoor velodromes are received by the mobile node, which moves along the track. 375 samples of RSSI values were collected in quarter A for each anchor node; in total, 1,125 samples were collected from the three anchor nodes by the mobile node, as shown in Figure 7 . These RSSI values are used as input to the ANN. The PSO algorithm is employed to determine the optimum learning rate and the optimum number of neurons in each adopted hidden layer to improve the distance estimation accuracy. The PSO algorithm is executed for 20 swarms and 500 iterations. Consequently, the fitness function will be obtained, as shown in Figure 8 . The figure shows that the fitness function of the PSO algorithm is approximately 0.031 m after 281 iterations. Based on the results of the hybrid PSO-ANN algorithm, the ANN parameters are listed in Table 6 . The training processes of the ANN algorithm are repeated several times using 1,000 iterations, or epochs, until the error between the actual and estimated distances is minimized.
The performance of the ANN is calculated based on the mean absolute error (MAE), mean square error (MSE), and root mean square error (RMSE). To evaluate the performance of the hybrid PSO-ANN algorithm, the MAE, MSE, and RMSE are plotted for both outdoor and indoor environments, as shown in Figure 9 . The obtained MAE, MSE, and RMSE are 0.0122, 0.0012, and 0.0348, respectively, for the outdoor environment and 0.0913, 0.0411, and 0.2028, respectively, for the indoor environment based on the hybrid PSO-ANN algorithm. Figure 10 shows a comparison of the proposed hybrid PSO-ANN algorithm with other artificial intelligent algorithms employed for outdoor and indoor wireless SN localization in other studies. The results reveal that the location estimated using the hybrid PSO-ANN algorithm outperforms the algorithms of previous studies [33, [51] [52] [53] [54] [55] [56] [57] [58] [59] [60] [61] [62] [63] [64] [65] in terms of MAE.
TPC-Based Distance Estimation
Algorithm. The TPCbased distance estimation algorithm (Algorithm 2) results are Hybrid PSO_ANN (outdoor) Hybrid PSO_ANN (indoor) Figure 9 : MSEs, MAEs, and RMSEs computed using the proposed hybrid PSO-ANN algorithm for the indoor and outdoor environments.
described in Sections 5.2.1 to 5.2.3. This section consists of three topics: the TPC technique, the sleep/wake strategy, and a combination of the TPC and sleep/wake strategy known as the TPCS/W technique. The results of these subsections were obtained using the MATLAB simulation software and are investigated and discussed in terms of power savings for each section of the cycle track in outdoor and indoor velodromes.
TPC Technique.
When the TPC technique is solely applied to the ANT wireless protocol, the transmitted power and data rate are selected according to the three sections, as mapped in Table 4 . Consequently, the current consumption in each section will be determined. As a result, Figures 11(a) and 11(b) are obtained for the outdoor and indoor velodromes, respectively. The two figures show the power savings in each section of the velodromes relative to the fixed transmitted power (i.e., Tx = 0 dBm, data rate = 250 kbps, and the average current consumption of the mobile node in the Tx and Rx modes is 10.34 mA).
In the outdoor velodrome, once the distance between the mobile node and the master node lies within Section 1, the ANT transmits the data at −6 dBm and a high data rate of 2 Mbps to reduce the power consumption. When the distance between the master node and the mobile node lies within Sections 2 and 3, the ANT sends the data at a high power level of 0 dBm and a high data rate of 2 Mbps to ensure data packet delivery. Therefore, more power can be saved in Section 1 than in Sections 2 and 3, as shown in Figure 11 (a). The power savings in Section 1 are 18%, whereas the power savings in Sections 2 and 3 are 16.44%. In the indoor velodrome, when the mobile node is moving within Sections 1 and 2, the transmitted power is −6 dBm, and a minimum data rate of 250 kbps is considered. These two values are selected in Sections 1 and 2 because such values result in the minimum power consumption, as previously shown in Table 4 . By contrast, the mobile node transmits at 0 dBm and a data rate of 250 kbps in Section 3 to ensure data packet delivery from the mobile node to the master node. Accordingly, the power savings in Sections 1 and 2 are 5.36% greater than in Section 3 (no power savings), as shown in Figure 11 (b).
Sleep/Wake Strategy.
A sleep/wake strategy can be applied to the ANT wireless protocol. In this work, a 1-second ( total ) interval between consecutive transmissions of the sensed information is considered. The power consumption of the mobile node can be reduced in both the Tx and Rx modes. The mobile node is awake for a small fraction of the time and sleeps during the remainder of the total time. It simply wakes up to transmit data to or receive data from the master node. The average current consumption of the mobile node for outdoor and indoor velodromes was calculated using (8) for the Tx mode and using (10) for the Rx mode. The active and average current consumption of the mobile node in the Tx mode were 8.03 mA and 4.7 A, respectively, whereas the active and average current consumption were 12.65 mA and 12.7 A in the Rx mode, respectively. Consequently, the power 
TPCS/W Technique.
When the TPCS/W technique is applied, the power savings in the outdoor velodrome slightly change between 99.9306% in Section 1 and 99.9316% in Sections 2 and 3 relative to the classical power consumption, as shown in Figure 13(a) . By contrast, in the indoor velodrome, the power savings vary between 99.8575% in Sections 1 and 2 and 99.8582% in Section 3, as shown in Figure 13 (b). Figure 14 presents a comparison of the three adopted power-saving techniques, namely, the TPC technique, the sleep/wake strategy, and the TPCS/W technique. When the TPC technique is considered, the average ANT power savings improve by 16.96% (obtained from power savings in [Section 1 + Section 2 + Section 3]/3) in the outdoor velodrome and improve slightly by 3.57% in the indoor velodrome relative to the classical power consumption. Both the sleep/wake strategy and the TPCS/W technique significantly improve the average power savings of the mobile node by more than 99% in the outdoor and indoor velodromes, as shown by the bar chart in Figure 14 .
The results indicate that the power savings of the mobile node in the outdoor velodrome are higher than those in the indoor velodrome. Such a difference is attributed to the greater propagation path loss in the indoor velodrome, thereby requiring the mobile node in the indoor velodrome to transmit data at a higher power level and a lower data rate, particularly in Section 3 of the velodrome, to ensure data packet delivery from the mobile node to the master node. In addition, when the TPCW/S technique is applied, the power savings slightly improve relative to those when the sleep/wake strategy is applied and significantly improve relative to the classical power consumption. Therefore, only the TPC and TPCS/W techniques are discussed in the subsequent section when the TPC-based accelerometer algorithm is considered.
TPC-Based Accelerometer
Algorithm. The accelerometer ADXL335 can be employed to control the transmitted power and data rate of the ANT wireless protocol based on the bicycle inclination angle on the track. When the bike is moving on the track, the bicycle's inclination angle changes according to the nature of the velodrome, as shown in the simulation results in Figure 15 . In the TPC-based accelerometer algorithm (Algorithm 3), the ANT wireless protocol functions only as the transmitter because the transmitted power and data rate are controlled based on the inclination angle and does not require a beacon signal. Thus, the power savings generated by the TPC-based accelerometer algorithm are expected to be better than those by the TPC-based distance estimation algorithm. Therefore, the power consumption of the mobile node is investigated in the following subsection.
TPC Technique.
When the TPC technique is solely applied to the ANT wireless protocol, the transmitted power and data rate are selected based on the three velodrome sections, as mapped in Table 5 . Consequently, the current consumption in each section is determined. As a result, Figures 16(a) and 16(b) will be obtained for the outdoor and indoor velodromes, respectively. The two figures demonstrate the power savings in each section of the velodromes relative to the fixed transmitted power (i.e., Tx = 0 dBm, data rate = 250 kbps, and current consumption = 8.03 mA). In the outdoor velodrome, the power savings are 58.4% in Section 1 and 54.42% in Sections 2 and 3, as shown in Figure 16(a) . By contrast, in the indoor velodrome, the power savings are 13.82% in Sections 1 and 2, but no power savings are recorded in Section 3, as shown in Figure 16(b) . The results show that the power savings significantly improve relative to those when the TPC-based distance estimation algorithm is applied.
TPCS/W Technique.
When the TPCS/W technique is applied, the generated power savings in the outdoor velodrome are 99.96% in Section 1 and 99.957% in Sections 2 and 3, as shown in Figure 17(a) . By contrast, in the indoor velodrome, the power savings vary between 99.84% in Sections 1 and 2 and 99.816% in Section 3, as shown in Figure 17(b) .
The results indicate that the power savings of the mobile node in the outdoor velodrome are higher than those in the indoor velodrome. Such a difference is attributed to the higher propagation path loss in the indoor velodrome. Moreover, the power saved by the mobile node from the use of the TPC-based accelerometer algorithm is higher than that when the TPC-based distance estimation algorithm is used for all the adopted power-saving techniques. ANT power consumption of the mobile node for the two algorithms, the TPC and TPCS/W techniques were compared in terms of power savings, as shown in Figure 18 . The figure shows the power savings of the ANT mobile node in the outdoor and indoor velodromes. The comparison results suggest that the average power savings in the outdoor velodrome are greater than those in the indoor velodrome for both algorithms. The average power savings in the outdoor and indoor velodromes for the TPC-based accelerometer algorithm are better than those for the TPCbased distance estimation algorithm. In the outdoor velodrome, the TPC-based accelerometer algorithm produces higher average power savings 55.74% (obtained from power obtained, as illustrated in Tables 2 and 3 . For the TPC-based accelerometer algorithm, the mobile node only transmits the data collected by the sensors (i.e., Tx mode only), and the master node only receives the data packets (i.e., Rx mode only). Thus, the average ANT current consumption of the mobile and master nodes is 14.733 and 22.751 A, respectively. Consequently, the average total ANT current consumption from end to end (i.e., from the mobile node to the master node) is 37.484 A.
Comparison between TPC-Based
For the TPC-based distance estimation algorithm, the mobile and master nodes work in both Tx and Rx modes. The average ANT current consumption of the mobile node in the Tx and Rx modes is 14.733 and 12.652 A, respectively, whereas that of the master node in the Tx and Rx modes is 8.323 and 22.751 A, respectively. Therefore, the average total ANT current consumption of the mobile and master nodes is 27.385 and 31.074 A, respectively. Accordingly, the average total ANT current consumption from end to end is 58.458 A. The average total ANT current consumption values from end to end will be used to compare power savings. The power savings of the TPC-based accelerometer algorithm relative to the TPC-based distance estimation algorithm can be estimated using the following equation:
Power savings (%) = (1 − end-to-end average current TPC-based accelerometer end-to-end average current TPC-based distance ) × 100%.
Applying (11), power savings of 46%, 26%, and 35% for the ANT mobile node, master node, and the entire ANT in the WSN, respectively, can be achieved using the TPCbased accelerometer algorithm compared to the TPC-based distance estimation algorithm. This result indicates that the TPC-based accelerometer algorithm outperforms the TPCbased distance estimation algorithm. When the TPC-based accelerometer algorithm is applied, the power savings are 99.6% relative to the fixed transmitted power (i.e., Tx = 0 dBm and data rate = 250 kbps, where the average current consumption of the mobile and master nodes is (Tx + Rx)/2 = (8.03 + 12.65) = 10.34 mA).
To evaluate the total power consumption of the mobile node, all the active components, such as sensors and microcontroller, must be taken into calculation along with the ANT wireless protocol. The current consumption of all components in the mobile node is shown in Table 7 (obtained through measurement with a FLUKE 15B digital multimeter). The average total current consumption of the mobile node will be used to compare the power savings of the mobile node with other previous approaches based on TPC techniques, namely, [19, 21, 23, [25] [26] [27] 66] , as shown in Figure 19 . The results revealed that the TPC-based accelerometer algorithm Figure 19 : Comparison of the TPC-based accelerometer and TPCbased distance estimation algorithms with other TPC techniques employed in previous studies.
and TPC-based distance estimation algorithm outperform the TPC techniques of previous studies, with their power savings of 78%, relative to constant transmitted power.
Conclusion
In this work, the power consumption of a mobile node moving along a bicycle track was reduced through the use of two proposed algorithms: the TPC-based accelerometer and the TPC-based distance estimation. Both algorithms adopted three power-reduction techniques, namely, a TPC technique, a sleep/wake strategy, and an adjustable data rate, to reduce the power consumption of the ANT mobile node. In addition, the TPC technique was combined with the sleep/wake strategy (TPCS/W) to further reduce the power consumption of the mobile node. The transmitted power level and data rate were arranged in a mapping table to select the optimal transmitted power and data rate that ensure the minimum power consumption and communication connectivity in each section of the outdoor and indoor velodromes. The results indicated not only that the control of the transmitted power level can reduce the power consumption but also that the data rate has a significant effect on power consumption. The combination of the three techniques significantly reduced power consumption by more than 99%. The TPC-based accelerometer algorithm outperformed the TPC-based distance estimation algorithm by 35% for the entire ANTs in the WSN in terms of power savings. Both TPC-based accelerometer and TPC-based distance estimation algorithms outperformed the previous research works in terms of power savings, where these algorithms achieved 78% power saving relative to conventional operation (i.e., without power reduction algorithm). Relationships between the ANT data rate and the average current consumption of the mobile and master nodes in the Tx and Rx modes were established. These relationships facilitated the average current consumption calculation. Our future work will focus on implementing the TPC-based accelerometer algorithm on the testbed.
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